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Abstract: Cancer is the second leading cause of mortality globally, while cancer metastasis,
which accounts for about 90% of cancer-related mortality, presents an extremely poor prog-
nosis. Thus, various nanomedicines were designed and synthesized for cancer treatment, but
nanomaterials could lead to endothelial leakiness and consequently facilitate intravasation and
extravasation of cancer cells to form circulating tumor cells (CTCs), which were regarded as the
potential metastatic seeds, possibly accelerating cancer metastasis. Neither possible metastatic
sites were observed nor rare CTCs could be measured using common methods at the early stage
of cancer metastasis, it is urgent to explore new technology to dynamically monitor nanomedicine
promoted cancer metastasis with high sensitivity, which would be beneficial for cancer treatment
as well as design and synthesis of nanomedicine. Herein, a novel optical biopsy tool i.e. in
vivo flow cytometry (IVFC) was constructed to noninvasively and real-time monitor CTCs
of tumor-bearing mice treated with various concentrations of Au nanoparticles. The in vivo
experimental results demonstrated the promoted CTCs were Au nanoparticles dose-dependent
consistent with the in vitro results, which showed Au nanoparticles induced dose-dependent gaps
in the blood vessel endothelial walls to accelerate CTCs formation, making IVFC a promising
biopsy tool in fundamental, pre-clinical and clinical investigation of nanomedicine and cancer
metastasis.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cancer is one of the major diseases threatening human health worldwide. According to the latest
global cancer data from the World Health Organization (WHO), more than 18.1 million new
cases and 9.6 million death cases have been reported worldwide in 2018, making cancer one
major public health issue [1]. In addition to the conventional cancer treatment methods including
surgery, chemotherapy, and radiotherapy, various emerging cancer treatment modalities have
been proposed and demonstrated such as photodynamic therapy (PDT), photothermal therapy
(PTT), gene therapy, etc [2—4]. Since approved for clinical use, these emerging cancer treatment
methods are developing new strategies to further improve therapeutic outcomes. In order to
further improve reactive oxygen species (ROS) generation capability and consequently PDT
efficiency, many new photosensitizers including fluorogens with aggregation-induced emission
(AIE) characteristics (AIEgens) [5], graphene quantum dots (QDs) [6], black phosphorus [7],
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carbon dots [8], etc., have been designed and synthesized for PDT applications. Meanwhile,
novel PTT agents with high photothermal effect, including semiconducting polymer nanoparticles
(NPs) [9], gold NPs [10], melanin NPs [11], were applied to enhance anticancer efficiency.
Moreover, many recently developed nanocarriers, such as two-dimensional materials [3] and
silica NPs [12], were functionalized to realize gene delivery and consequently high-performance
gene therapy. The rapid development of nanotechnology paves the way to improve survival rate
and lifetime of most cancer patients [13], but the toxicity of these nanomaterials is still a major
concern for translating them for clinical research. Recent studies demonstrated that some NPs
could induce endothelial leakiness (NanoEL), which lowered the barrier for intravasation of
surviving cancer cells into the surrounding vasculature to form circulating tumor cells (CTCs)
and subsequently extravasate [14]. CTC is regarded as the potential metastatic seed. It means that
NanoEL can accelerate metastasis, which actually accounts for the vast majority of cancer-related
mortality (~90%) [15]. It is extremely important to monitor the CTCs promoted by NanoEL at
the early state, which benefits for the understanding of the behavior of NPs in complex biological
media and especially optimizing nanomedicine for cancer treatment.

With the advances of multidisciplinary studies, CTC detection methods are under rapid
development. CellSearchs (Veridex, Raritan, NJ) is the first and only product approved by the
U.S. food and drug administration (FDA) for detecting CTCs in 2004, but it also suffers from
some limitations e.g. the system is rather expensive, the sensitivity and selectivity are low, etc.
CellCollectors (GILUPI GmbH, Potsdam, Germany) is a European Conformity approved medical
device and is the first in vivo CTC isolation product worldwide, but the method is invasive,
making it less accepted by patients. In order to overcome these limitations of CellSearchs and
CellCollectors, many novel CTC detection methods have been proposed and demonstrated, most
of which are based on in vitro analysis of the blood sample [16]. The CTC could be directly
detected by the line-confocal microscope [17] and surface-enhanced Raman scattering (SERS)
technology [18], but enriching process is commonly adopted due to that the CTC is extremely
rare in the blood sample. Before enrichment, CTC should be captured, which can be realized
with/without CTC-specific ligands [19,20]. Normally, ligand capture endows the CTC detection
better performance [21]. Once captured, the CTCs are enriched by density gradient sedimentation,
size exclusion filtration, barcode particles, self-propelled micromachines, magnetic beads, etc.,
and finally detected using fluorescence, electrical impedance, etc [16]. Although enrichment is
also feasible in vivo, it is rather invasive [22].

The CTC detection methods mentioned above suffer from either complicated detection process
or invasiveness. Meanwhile, the blood sampling process separates CTC from the practical
physiological environment, possibly resulting in CTC changes and detection errors. Moreover,
the detection sensitivity and dynamic monitoring are restricted due to the limited amount of
blood and sampling frequency. Optical methods, featured with non-invasiveness, high sensitivity
and resolution, show great potential in biopsy, e.g. in vivo endomicroscopy [23], in vivo
confocal/two-photon microscopy [24,25], in vivo photoacoustic flow cytometry [26], in vivo
fluorescence flow cytometry [27] and in vivo photoacoustic/fluorescence flow cytometry [28],
have been used for CTC detection and monitoring CTC formation during cancer cells release from
the tumor during radiotherapy [29], biopsy and surgery [30]. The in vivo flow cytometry (IVFC),
which combines the advantages of traditional flow cytometry and in vivo confocal microscopy,
can real-time and quantitatively detect circulating cells (including CTCs) in vivo without any
processing of specimen [27], making it a good candidate to noninvasively and real-time monitor
CTC promoted by NanoEL.

Herein, we constructed IVFC to noninvasively and real-time monitor the rare CTC in the
early stage of metastasis, which can’t be detected using conventional methods, making IVFC
a promising biopsy tool to study the influence of nanoparticles on cancer metastasis. In vitro
cellular experiments demonstrated that the Au nanoparticles could induce endothelial leakiness
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by promoting gaps between endothelial cells and facilitate cancer cells to cross the endothelial
barrier to form CTCs. Then the Au nanoparticles dose-dependent CTCs were noninvasively and
real-time monitored using the proposed IVFC, indicating high dose of Au nanoparticles could
promote cancer metastasis. When designing nanomedicine for future clinical use, IVFC is an
indispensable tool to in vivo assess the nanomedicine effect.

2. Materials and methods
2.1. Materials

Sodium citrate and HAuCly were purchased from Sinopharm Chemical Reagent Co., LTD.
RPMI1640 medium and phosphate buffered saline (PBS, 1X) were purchased from HyClone.
Bovine serum albumin (BSA) was purchased from Sigma. Edetic acid (EDTA) was purchased
from BBI life sciences corporation. PC3 cells were gifted by Professor Weigiang Gao at Shanghai
Jiao Tong University. Fetal bovine serum (FBS) and endothelial cell medium (ECM) were
purchased from ScienCell. Human microvascular endothelial cells (HMECSs) were purchased
from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., LTD. Cell counting kit-8 (CCK-8)
assay kit was purchased from Dojindo Laboratories. Puromycin was purchased from Gibco.
Polybrene and pLVX-EGFP1-C1 were purchased from Takara Bio Company. Phalloidin (DyLight
554) was purchased from Cell Signaling Technology. Hanging cell culture inserts (8 pm, 24-well)
were purchased from Corning. Light emitting diode (LED) was purchased from CCS Inc.
Charge-coupled device (CCD) was purchased from Sony. Photomultiplier tube (PMT) was
purchased from Hamamatsu. The filters and dichroic mirrors were purchased from Semrock.
The objective lens was purchased from Olympus. The mirror, achromatic lens, cylindrical lens
and mechanical slits were purchased from Zolix. 488 nm laser was purchased from Fiber Laser
Technology.

2.2. Preparation of Au nanoparticles and Au-BSA nanoparticles

The Au nanoparticles (NPs) were prepared using the kinetically controlled seeded growth
method [31]. Briefly, 150 mL of sodium citrate (2.2 mM) was heated in a 250 mL three-necked
round-bottomed flask under vigorous stirring, which was followed by injection of 1 mL of
HAuClys (25 mM) once boiled. The color of the solution changed from yellow to bluish gray
and then to soft pink after 15 min heating. Then, 1 mL of sodium citrate (60 mM) and 1 mL
of a HAuCly solution (25 mM) were sequentially injected (time delay ~2 min) to the solution
for another 30 min heating. Au NPs were obtained once the solution was air-cooled down to
room temperature. For surface modification of Au NPs, 25 mg BSA was added into 50 mL of
as-prepared Au NPs solution. After 5 min of ultrasonic treatment, the mixture solution was put
on a shaker and reaction was carried out for 1 h to form Au-BSA NPs.

2.3. Assessment of biocompatibility of Au/Au-BSA NPs

HMECs (2x10* cells in 0.1 mL ECM medium) were seeded into a 96-well culture plate and
cultured overnight. Then the HMECs were treated with different concentrations of Au NPs or
Au-BSA NPs (10, 20, 40 pg/mL) for 24 h and 48 h. After the treatment, HMECs were washed
with PBS and then fresh ECM containing the CCK-8 reagent was added into the well. After
incubated with CCK-8 reagent for 1.5 h, the absorption at 450 nm was measured using the
microplate reader (Bio-Tek Synergy HT).

2.4. PC3 cells transfected with green fluorescent protein

A human prostate cancer PC3 cells, with high metastatic potential, were cultured in RPMI
with 10% FBS. PC3 cells were seeded at a density of 3x10°/mL in 6-well plates with 1 mL of
culture medium containing polybrene (6 pg/mL) and transfected with 2 uL of pLVX-EGFP1-Cl1
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lentivirus vector containing green fluorescent protein (GFP) and the puromycin resistance gene.
After transfection for 24 h, the medium was changed to fresh culture medium. The transfection
efficiency of PC3-GFP cells evaluated using fluorescence microscope was above 95%. The highly
bright PC3-GFP cells were selected by flow cytometry (FACS Aria II, Becton, Dickinson and
Company) to establish tumor models.

2.5. Actin filaments staining

HMECs (2x103 cells in 1 mL ECM medium) were seeded into a 24-well culture plate and
cultured for 48 h. Then the HMECs were treated with different concentrations of Au NPs (10,
20, 40 pg/mL), Au-BSA NPs (10, 20, 40 ug/mL) and EDTA (0.5 mM) for 1 h. Treated HMECs
were fixed with 4% formaldehyde at room temperature for 15 min, and permeated with 0.1%
Triton X-100 for 5 min. After rinsing with PBS, the treated HMECSs were stained with 1 mL of
phalloidin working solution, which was prepared by adding 1 uL of phalloidin conjugate DMSO
solution to 1 mL of PBS with 1% BSA, for 1 h at room temperature. After gently rinsing 3 times
with PBS to remove excess phalloidin conjugate, the HMECs were treated with 50 pL of antifade
mounting medium (containing DAPI), which could stain the nucleus. Prepared HMECs were
imaged by confocal microscope (Leica, SP8). DAPI channel (Ex: 405 nm, Em: 420 - 500 nm),
phalloidine channel (Ex: 561 nm, Em: 580 - 650 nm). Three actin fluorescence images were
randomly selected, and the area of gaps between the HMECs was measured by Image].

2.6. Extravasation assay

0.9 mL and 0.1 mL of ECM were added to lower chamber and upper insert to prewet the inserts,
respectively. The HMECs (2x10* cells in 0.1 mL ECM medium) were seeded in the transwell
inserts with core size of 8 um and cultured for 48 h to form a confluent monolayer, which could
mimic the actual vascular wall. Then the HMECs were treated with different concentrations of
Au NPs (10, 20, 40 ug/mL), Au-BSA NPs (10, 20, 40 ug/mL) and EDTA (0.5 mM) for 1 h. After
treatment, PC3-GFP cells (4x10* cells suspended in 200 uL serum-free medium) were added
into the upper inserts and cultured for another 24 h. The upper inserts were removed and the
migrated PC3-GFP cells in the lower chamber were imaged by confocal microscope (Leica, SP8).
GFP channel (Ex: 488 nm, Em: 500 - 550 nm). Three areas were randomly selected for imaging
and the number of PC3-GFP cells in lower chamber was counted and analyzed.

2.7. Mouse model

All the animal care and experimental procedures were approved by the Ethical Committee of
Animal Experiments in the School of Biomedical Engineering, Shanghai Jiao Tong University.
Male BALB/c nude mice (6 weeks old) were purchased from Shanghai Slake Laboratory Animal
Co., LTD. To establish the model of prostate cancer, PC3-GFP cells (1x10°) were subcutaneously
injected in the armpit of male BALB/c nude mice. Once the tumor volume reached about 100
mm?, the mice were randomly divided into three groups i.e. control, Au NPs and Au-BSA
NPs groups (n =15) for in vivo metastasis studies. The weight and tumor volume of mice were
measured every other day. The tumor sizes were measured by a vernier caliper ruler and calculated
using the formula (tumor volume = (lengthxwidthz)/Z).

2.8. Injection of NPs and detection of CTCs

The mice in NPs treatment groups were injected with 10 mg kg=! Au NPs or Au-BSA NPs via
tail vein from Day 0, ten times administration of NPs were performed for the whole experiment,
while mice in control group were injected with the equal volume of PBS. The detection of CTCs
by IVFC was carried out every week i.e. Day 7, Day 14 and Day 21. After anesthetized and
subsequently placed on the customized board with ear spreading on the glass slide, the CTCs of
tumor-bearing mouse were monitored using IVFC for 30 min (three blood vessels were selected
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for CTCs monitoring and each blood vessel was monitored for 10 min). The experimental
procedure details are shown in Fig. 1.

Day -8 Day O Day 7 Day 14 Day 21 1
Day 22
I PC3-GFP cells inoculation Il CTCs detection by IVFC
Au/Au-BSA NPs injection Il sacrifice and organs collection

Fig. 1. The experimental procedure of in vivo CTCs detection.

2.9. Imaging of metastatic sites on organs

After in vivo study of NPs promoted cancer metastasis, the mice from both control and NPs treated
groups were sacrificed and the major organs including heart, liver, spleen, lung, kidney were
collected for metastases study via monitoring the green fluorescence signal from the metastasized
PC3-GFP cells using in vivo fluorescence imaging system (PerkinElmer, IVIS Lumina LT).

2.10. Optical system for CTCs detection

The in vivo flow cytometry (IVFC) was set up to noninvasively detect the metastasized PC3-GFP
cells as shown in Fig. 2. Briefly, light emitting diode (LED, 535 + 15 nm) and charge-coupled
device (CCD) were employed to illuminate and visualize the major veins and arteries of ear
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| |v=s AL2 F2 -
PMT ’ |
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|

| M
Fig. 2. The schematic diagram of the optical system for in vivo cancer metastasis study. CL:
cylindrical lens; MS: mechanical slit; AL: achromatic lens; M: mirror; DM1: dichroic mirror
(75% transmission and 25% reflection); DM2: dichroic mirror (488 nm transmission and

510 nm reflection); F1, F2: bandpass filter (510 + 10 nm); Objective lens (40x, NA=0.6);
DAQ: data acquisition; Laser: 488 nm.
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microcirculation. The light emitted from 488 nm laser was focused into a slit by a cylindrical lens
and further focused using objective lens (40x, NA = 0.6), and consequently cross the ear artery,
which diameter was around 50 um. Once flow through this slit, the metastasized PC3-GFP cells
were excited and emitted fluorescence of GFP, which was collected by objective lens and detected
by a photomultiplier tube (PMT) placed directly behind the mechanical slit and the spectral filter
for GFP.

2.11. Statistical analysis

All data were presented as mean + SD. Statistical analysis of data utilized the unpaired Student’s
t-test by GraphPad Prism 8.

3. Results and discussion
3.1. Characterization of Au nanopatrticles

Gold has been widely used to construct photothermal agent, biosensors, surface-enhanced
Raman scattering probes, etc., for cancer theranostics [32-37]. Moreover, gold and gold-based
nanoparticles (NPs) are currently used for clinical applications, making gold promising in
biomedical and clinical fields [38]. Thus the Au NPs, which were synthesized by a kinetically
controlled seeded growth method [31], were selected to investigate the influence of NPs on cancer
metastasis. During the growth, the absorption spectra of synthesized Au NPs were characterized
as shown in Fig. 3(a). Compared with Au seeds, the absorption peak of Au NPs shifted to the
longer wavelength, which was consistent with previous reports [31]. Then the Au NPs with
absorption peak located at 524 nm were selected for the following studies. The size of Au NPs
was measured as ~25 nm, which was beneficial for biomedical applications, by DLS measurement
as shown in Fig. 3(b). In order to improve the biocompatibility and stability in biological media,
the Au NPs were encapsulated with BSA to form Au-BSA NPs. Then the size distribution and
mean size of Au and Au-BSA NPs in water and ECM were measured as shown in Fig. 3(b).
It was found that Au NPs in ECM became remarkably larger than that in water, which can be
attributed to that biomolecules of ECM conjugated to the abundant surface functional groups of
Au NPs. Meanwhile, the size of Au-BSA NPs in ECM was similar as that in water, indicating the
good stability in biological media. The biocompatibility of Au/Au-BSA NPs was evaluated by
CCK-8 assay before carrying out in vitro and in vivo experiments. As shown in Fig. 3(c), there
was no any significant difference between control cells and cells treated with Au/Au-BSA NPs
for 24 and 48 h, indicating the excellent biocompatibility of Au/Au-BSA NPs.

3.2.  Mechanism studies of NPs promoted cancer metastasis

Before performing in vivo detection of cancer metastasis, the mechanism of NPs promoted cancer
metastasis was studied in vitro. It has been reported that nanomaterials-induced endothelial
leakiness (NanoEL) [14], which might be beneficial for the intravasation of surviving cancer
cells into the surrounding vasculature and subsequently extravasation, could promote cancer
metastasis. Thus, the integrity of endothelial cells and endothelial cell-cell interactions were
investigated using fluorescence imaging methods. After treated with different concentrations of
Au/Au-BSA NPs for 1 h, HMECs were incubated with DAPI and phalloidine to co-stain nucleus
and actin. As shown in Fig. 4(a), intracellular stress fibers of control and Au/Au-BSA NPs treated
HMECs were almost similar, indicating the intact of endothelial cells and eliminating the toxicity
interference. However, pericellular actin fibers showed a dose-dependent manner, with increment
of NPs dose, and pericellular actin fibers were less evenly distributed and more gap regions
appeared (yellow boxes in Fig. 4(a)), which were statistically analyzed in Fig. 4(b). It means that
NPs disrupted endothelial cell-cell interactions and subsequently NanoEL provided the channel
for cancer metastasis.
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Fig. 3. (a) The absorption curves of Au seeds and Au NPs. (b) The size distribution and
statistics of mean size of Au NPs and Au-BSA NPs in water and ECM culture medium. (c)
Cell viability of control cells and Au/Au-BSA NPs treated cells for 24 h and 48 h. The data
were presented as mean + SD (n = 3).

In order to further study whether the formed gaps by NanoEL could promote the cancer
metastasis, the cancer cells migration across the endothelial monolayer treated with/without NPs
was measured using extravasation assay. After HMECs were treated with various concentrations
of Au/Au-BSA NPs or EDTA (positive control group), the migrated PC3-GFP cells were imaged
as shown in Fig. 5(a). It was observed that the cellular migration of NPs treated groups lied
between the EDTA-treated positive control group and blank control group as shown in Fig. 5(b),
meanwhile the NPs resulted in a dose-dependent migration of PC3-GFP cancer cells across the
endothelial barrier, which was consistent with phenomenon mentioned in Fig. 4. Moreover,
the cellular migration of Au-BSA NPs treated groups was smaller than that of Au NPs treated
groups, which might be attributed to the improved biocompatibility and stability endowed by
encapsulation. Thus, it can be concluded that the cancer cells could exploit the intercellular
gaps induced by NanoEL to cross the compromised endothelial monolayer, facilitating cancer
metastasis.

3.3. In vivo investigation of NPs promoted metastasis

The tumor-bearing mouse model was established by subcutaneously injecting PC3-GFP cells
(106 cells in 100 pL culture medium without FBS) in the armpit of nude mouse. When the tumor
volume reached 100 mm?, the mice were randomly divided into three groups (n=5), i.e. Au NPs
group, Au-BSA NPs group and blank control group. The mice in Au NPs group and Au-BSA
NPs group were respectively injected with 10 mg kg~' Au NPs and Au-BSA NPs 10 times, while
the mice in blank control group were injected with same volume of PBS, and the CTCs of all
mice were in vivo monitored by in vivo flow cytometry (IVFC) every week. After anesthetized,
the mice were positioned onto the stage, and then the artery in the ear was excited by the 488 nm
laser slit as shown in Fig. 6(a). Once the PC3-GFP cancer cells permeated into the surrounding
vasculature and subsequently reached the laser slit of the selected artery, the fluorescence signal
of the PC3-GFP cells i.e. CTCs, as the marker of cancer metastasis, could be detected as shown
in Fig. 6(b), and one detected signal of CTC was enlarged as shown in Fig. 6(c).
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Fig. 4. (a) Representative nucleus/actin fluorescence images of control, Au/Au-BSA NPs-
treated HMECs. Yellow boxes indicated gap regions between HMECs. DAPI channel (Ex:
405 nm, Em: 420 - 500 nm), phalloidine channel (Ex: 561 nm, Em: 580 - 650 nm). Scale
bar: 50 um. (b) The statistical results of the gap area between HMEC:s in different groups.
The data were presented as mean + SD (n = 3). Statistical comparison between control group
and other groups, **P < 0.01, ***P < 0.001.
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Fig. 5. (a) Fluorescence imaging and (b) statistical results of migrated PC3-GFP cancer
cells crossed the compromised endothelial monolayer treated with NPs, EDTA. GFP channel
(Ex: 488 nm, Em: 500 - 550 nm). Scale bar: 200 um. The data were presented as mean + SD
(n=3). Statistical comparison between control group and other groups, *P < 0.05, **P <
0.01, ***P < 0.001.
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Fig. 6. (a) Bright field image of mouse ear blood vessel visualized using IVFC system. (b)
Representative spectrum of circulating PC3-GFP cells in Au NPs group measured by [IVFC.
(c) The enlarged peak spectrum, indicating that one GFP-labeled PC3 cell passed through
the light slit and emitted a burst of fluorescence. (d) The weight and (e) tumor volume of
mice treated with Au/Au-BSA NPs or PBS. The data were presented as mean + SD (n=15).
(f) The measured CTC number of mice treated with Au/Au-BSA NPs or PBS by IVFC. The
data were presented as mean = SD (n=15), *P < 0.05, ns: no significant difference.

During the process of Au/Au-BSA NPs or PBS administration, the mice weight and tumor
volume were recorded every other day. There was no significant body loss within 3 weeks as
shown in Fig. 6(d), indicating that the administration of NPs would not affect the health conditions
of mice. The tumor volume kept growing with similar increment rate for all groups as shown in
Fig. 6(e), eliminating the inference on cancer metastasis from tumor size difference. Moreover,
the CTCs of these mice were also in vivo and real-time monitored on Day 7, Day 14 and Day 21
as shown in Fig. 6(f). With increment of time, the CTC number kept growing for all groups, and
there was no significant difference for CTC number among all groups at the early stage i.e. Day 7
and Day 14, indicating that low dose of NPs would not induce remarkable promotion of cancer
metastasis. However, the CTC number of Au/Au-BSA treated group was significantly larger than
that of blank control group at Day 21, indicating the NPs could promote the cancer metastasis
due to NanoEL mechanism mentioned above. Meanwhile, CTC number of Au-BSA treated mice
was less than that of Au treated mice, which might be attributed to improved biocompatibility and
stability endowed by BSA encapsulation. The detected CTC number of different groups was in
accordance with the migration rate of PC3-GFP cancer cells crossed the compromised endothelial
monolayer treated with different NPs as shown in Fig. 5(b). Thus, it could be concluded that high
dose of NPs can significantly promote the metastasis of prostate cancer, and encapsulation using
biocompatible materials could alleviate cancer metastasis promoted by NPs. It was worth to note
that neither any metastatic sites could be observed nor any CTCs could be measured in blood
using conventional flow cytometry due to the extremely rare CTCs at early stage of metastasis,
making IVFC a valuable biopsy tool for early diagnosis.

3.4. Ex vivo imaging of metastasis on organs

Considering that there were no metastatic sites on the mice body surface, the mice were sacrificed
and the major organs (including heart, liver, spleen, lung, kidney) were collected to verify the
promotion of cancer metastasis by Au NPs using fluorescence imaging method after in vivo
investigation by IVFC. Since the metastases originated from CTCs escaped from primary tumor,
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the metastases should express green fluorescence protein and emit bright green fluorescence. As
shown in Fig. 7(a), the fluorescence images of major organs from different groups showed that
the hearts from Au/Au-BSA NPs treated mice had obvious metastasis. In addition, the number of
lung metastases of Au/Au-BSA NPs treated mice was significantly more than that of the control
mice. The statistical results of the number of metastases were shown in Fig. 7(b). It was verified
that high dose of Au NPs had a significant promotion on cancer metastasis of prostate cancer and
Au-BSA NPs could alleviate promotion effect, which was consistent with the results measured by
IVEC as shown in Fig. 6(f).
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Fig. 7. (a) The fluorescence images of metastases on major organs (heart, liver, spleen, lung,
kidney) of mice treated with Au/Au-BSA NPs and PBS. Ex: 500 nm slit. Em: 550 nm slit.
(b) The statistical results of the metastases number. The data were presented as mean + SD
(n=5, *P < 0.05).

4. Conclusion

Nanomedicine was consciously designed for cancer treatment, but one side-effect, which could
promote endothelial leakiness and cancer metastasis, was reported recently. However, there is no
proper technology for noninvasive, real-time and in vivo monitoring of nanomaterials promoted
cancer metastasis, limiting the nanomedicine optimization and screening. In order to bridge
the gap, one new optical biopsy tool, i.e. in vivo flow cytometry (IVFC) was for the first time
explored to study the relationship between nanoparticles and cancer metastasis. Both in vitro and
in vivo experimental results demonstrated that the CTCs, the potential metastatic seeds, were Au
nanoparticles dose-dependent, indicating the nanoparticles could promote cancer metastasis. It is
worth to note that encapsulation of nanoparticle with biocompatible materials could alleviate the
promotion effect. Moreover, the rare but significant CTCs couldn’t be monitored using common
methods at the early stage of cancer metastasis, endowing IVFC a great potential in fundamental,
pre-clinical and clinical investigation of nanomaterials and cancer metastasis.
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